Flow and heat transfer inside a generic inlet are investigated experimentally. The cross section of the inlet is rectangular. The inlet is installed on a §at plat at a signi¦cant distance from the leading edge. The experiments are performed in TsAGI wind tunnel UT-1M working in the Ludwieg tube mode at Mach number M ∞ = 5 and Reynolds numbers (based on the plate length L = 320 mm) Re ∞L = 23 · 10 6 and 13 · 10 6 . Steady §ow duration is 40 ms. Optical panoramic methods are used for investigation of §ow outside and inside the inlet as well. For this purpose, the cowl and one of two compressing wedges are made of a transparent material. Heat §ux distribution is measured by thin luminescent Temperature Sensitive Paint (TSP). Surface §ow and shear stress visualization is performed by viscous oil containing luminophor particles. The investigation shows that at high contraction ratio of the inlet, an increase of plate or cowl bluntness to some critical value leads to sudden change of the §ow structure.
INTRODUCTION
Structure of the §ow in the inlet has a big impact on the characteristics of the hypersonic vehicle. Many works are dedicated to investigation of inlets [1 24] . Various aerodynamic schemes were considered: with external, internal, and combined gas compression. Integral inlet characteristics were studied: mass §ow rate, pressure recovery, and external drag.
It is evident that at high §ight velocities, the leading edges of the inlet should be blunted to decrease the surface temperature. However, just few studies examine the e¨ect of leading edges bluntness on the inlet characteristics. According to [5] , the leading edge bluntness can result in signi¦cant decrease of pressure 2 EXPERIMENTAL MODEL.
FLOW CHARACTERISTICS Figure 1 presents the experimental model. The coordinate plane XZ is located on the bottom plate with origin at its leading edge. The bottom plate 1 and the top plate 3 (cowl) are §at. Their bluntness can be varied in the range 04 mm using the changeable leading edges. The cowl is transparent behind the leading edge to provide the visibility of the §ow inside the inlet. The shape of the model studied can be characterized by the following nondimensional values a¨ecting the §ow in the inlet: area reduction η = W 0 /W t = 4, the relative distance of the inlet from the plate leading edge X 0 /W 0 = 1.29, and the relative inlet height H/W 0 = 0.8. Figure 1b illustrates the shock waves and rarefaction waves in the twodimensional (2D) §ow of nonviscous gas at M = 5. Behind the wedge shocks, the pressure is 4.8 times higher in respect with the undisturbed §ow. The shock re §ected from the symmetry line increases the pressure 3.4 times additionally. Thus, the pressure behind the point A is 16.4 times higher than that in the undisturbed §ow. Between the points C and D, the pressure falls almost to the undisturbed level.
The tests are carried out in the TsAGI wind tunnel UT-1M. It worked in the Ludwieg-type mode. The duration of steady §ow is 40 µs. The averaged characteristics of undisturbed §ow are presented in Table 1 . Scatter of total pressure values in di¨erent runs is ±6% of the mean pressure at P t = 62.9 bar and ±10% at P t = 33.6 bar. The total temperature scatter is ±2%. The surface temperature was approximately 293 K; so, at M ∞ = 5, the temperature factor T w /T 0 = 0.56.
Some tests are performed at Mach number M ∞ = 8 and Reynolds numbers Re ∞L = 11 · 10 6 and 3.5 · 10 6 .
EXPERIMENTAL METHODS
Thin luminescent temperature sensitive paint is used for investigation of heat exchange [28] . The method is based on the temperature quenching of luminescence of organic dye. The measured increase of temperature during the determined time interval is used to calculate the heat §ux from gas to the surface in each point. To determine the temperature increase, two images of luminescence intensity distribution on the model surface are acquired during the test: the ¦rst one ¡ before the test at the known temperature value of the model surface (wind-o¨image) and the second one ¡ at the known time interval after §ow start (wind-on image). The ratio of wind-o¨luminescence intensity to the windon one is determined by TSP temperature and is independent on TSP thickness and on the distribution of excitation light intensity. Unfortunately, excitation light intensity value is changed during acquisition of wind-o¨and wind-on images because of exciting-light source instability and of model displacement under an action of aerodynamic load. To exclude the e¨ect of exciting-light variation, the binary (two-color) TSP containing two luminophores (active and reference) is used. Active luminophore is sensitive to the temperature, while reference luminophore is temperature insensitive and is used to determine the exciting-light intensity variation in each point of the model surface. Both luminophores are excited simultaneously by the same exciting light, but emit light of di¨erent spectral ranges that allows to acquire their images separately. Model surface temperature is calculated in each point of the visible surface using TSP calibration characteristic. This characteristic is determined by laboratory calibration of TSP sample prepared simultaneously with model preparation. Random error of temperature measurement is about 1 K. Heat §ux error is about 10%15%.
The measurement results are presented as Stanton number distributions:
where q is the measured heat §ux; ρ ∞ and U ∞ are the density and velocity in the undisturbed §ow; T t is the total temperature; T w is the model surface temperature (it changes insigni¦cantly during experiment because of very short §ow duration); and c p is the speci¦c heat at constant pressure.
SHOCK WAVES
The surface §ow is visualized by the method recently developed at TsAGI [34] . It is based on measurements of small movements of oil marked by contrast §uorescent particles.
In this work, the described methods are used for investigation of external and internal §ow as well. To do that, some parts of the cowl and one wedge are made of a material transparent to the exciting ultraviolet (UV) light and to the luminescent visible light. The transparent parts are used in two ways: (i) to measure the heat §ux to the transparent part; and (ii) to measure the heat §ux to the opposite nontransparent surface. Thermal characteristics of appropriate material are used at solving the equation of heat transfer. The data presented below demonstrate a satisfactory agreement between the experimental results and calculated heat §ux values on the cowl and on the plate under the cowl.
FLOW SCHEMES
Flow around the inlet installed on the plate at signi¦cant distance from its leading edge will be discussed. The §ow schemes are based on the experimental data presented below and on the results of [33] . At high area reduction of the inlet (for example, at η = W 0 /W t = 4), two §ow schemes are possible (Fig. 2) .
First, in §uence of plate bluntness on §ow will be considered. When the plate leading edge is sharp or slightly blunted, the regular supersonic §ow throughout the inlet takes place (Fig. 2a) . In this case, the captured §ow area is approximately equal to the inlet area. Inside the inlet, narrow separation zones are formed near the wedges on the plate and cowl surfaces. In these zones, the boundary layer and the high-entropy layer generated by the leading edge are Figure 2 Flow schemes: (a) regular §ow; and (b) blocking of the inlet: 1 ¡ wedge shock; 2 ¡ separation shock (separation line); 3 ¡ global separation zone; 4 ¡ shock of global separation; 5 ¡ bow wave of the cowl; and 6 ¡ separation zone on the cowl involved in the longitudinal motion. It means that the velocity vector forms an acute angle with the direction of undisturbed §ow. When the high-entropy and boundary layers become thicker, the separation zones become wider, the separation lines are de §ected upstream, the separation shocks become stronger, and the losses of total pressure are increased.
At the critical bluntness radius of the plate leading edge (r * 1 ), the pressure losses result in blocking of the channel section located near the plate: gas §owing near the plate cannot penetrate through the channel throat. As a result, two individual separation zones merge into a global separation zone (Fig. 2b) . The separation line of the new separation zone jumps forward ahead the inlet. It is perpendicular to external §ow direction. The separation shock 4 declines the §ow from the plate toward the cowl. The cowl prevents gas out §ow from the inlet. Therefore, at the cowl presence, the dimensions of the separation zone are bigger (the separation line moves to the plate leading edge) and the critical value of the plate bluntness is smaller than at the cowl absence. Probably, at much bigger value of X 0 (see Fig. 1a ), the global separation can start at some distance from the plate leading edge (¤free¥ separation) even at the presence of cowl. At big height of the inlet H, the inlet height can exceed the separation zone height. The described §ow has some similarities with the §ow ahead a §at obstacle installed on a plate. Now, an in §uence of cowl bluntness on the §ow will be considered. When the radius of cowl leading edge exceeds a critical value r * 2 , the narrow separation zones formed near the wedges merge into common separation zone 4 (see Fig. 2b ). But there are two di¨erences from the previous case: (i) it happens at some distance from the cowl leading edge where the boundary layer is thick enough; and (ii) the separation §ow does not become global because of small thickness of the boundary layer on the cowl.
At much bigger bluntness radius, the bow wave formed ahead the cowl leading edge can reach the plate surface and cause global separation of the plate boundary layer (see Fig. 2b ). This §ow is similar to the §ow generated by the big plate bluntness. At global separation of the plate boundary layer, the vertical dimension of the §ow-capturing area is approximately equal to the inlet height (see Fig. 2b ), but the horizontal dimension of the §ow-capturing area can be signi¦cantly smaller than the inlet width. Figure 3 illustrates §ow around the double wedge con¦guration at two values of plate bluntness r 1 . At r 1 = 0.75 mm (Fig. 3a) , the §ow between the wedges is regular: no blocking e¨ect can be seen at the absence and at the presence and Re∞L = 23 · 10 6 : left column ¡ at the absence of cowl; right column ¡ at the presence of cowl; (a) plate bluntness r1 = 0.75 mm; (b) and (c) ¡ r1 = 2 mm; 1 ¡ plate; 2 ¡ wedges; 3 ¡ cowl; 4 ¡ wedge shock; 5 ¡ boundary of shock in §uence; 6 ¡ line of local separation; 7 ¡ line of global separation; 8 ¡ global separation shock; 9 ¡ bow wave; and 10 ¡ not transparent part of the cowl of cowl as well. The Stanton number distributions on the plate at the presence and absence of the cowl are similar. The boundary layer transition ahead the wedges is evident in Fig. 3a . The wedge shocks cause signi¦cant increase of heat transfer in narrow regions near the wedges. Maximum heat transfer takes place in the rhombus behind the shocks intersection point A (see Fig. 1b) .
INFLUENCE OF COWL PRESENCE ON THE FLOW BETWEEN THE WEDGES
At the bluntness radius r 1 = 2 mm (Figs. 3b and 3c ), the channel formed by the wedges is blocked both at the presence and absence of the cowl. But at the big plate bluntness, the cowl a¨ects signi¦cantly on the §ow: at the presence of cowl, the separation region is longer than at the absence of cowl. In the second case, the separation line and the separation shock are located between the plate and the wedges leading edges. At the presence of cowl, the §ow separates from the plate at its leading edge: Fig. 3c (right column) shows that the separation shock is formed near the plate leading edge and merges with the bow wave. As mentioned above, the separation zone is expanded at the presence of cowl because the cowl prevents the gas out §ow from the inlet along the wedges. Obviously, the degree of cowl in §uence depends on the wedge height.
Stanton number distributions along the plate symmetry line Z = 0 at the presence and absence of sharp cowl are compared in Fig. 4 . Two close bluntness radii are selected for comparison: r 1 = 0.75 and 1 mm (at the presence of cowl, no data are obtained under the nontransparent part of the cowl). The point O corresponds to the wedges leading edges, the point A corresponds to the shocks intersection, and the point B corresponds to the intersection of rarefaction waves emanating from the wedges corner points (see Fig. 1b) .
Regular §ow takes place in the inlet at smaller bluntness radius r 1 = 0.75 mm. Stanton number increases slightly at the beginning of the interference region . 4a ). Thus, at the chosen inlet height (H/W 0 = 0.8), the §ow depends weakly on the presence of cowl. It means also that the §ow depends weakly on the inlet height, at least when H/W 0 > 0.8. In addition, Fig. 4 shows that heat §ux measurements through the transparent wall practically coincide with the results of direct measurements (at the absence of cowl).
At the bigger bluntness radius r 1 = 1 mm, the channel is blocked both at the absence and at the presence of the cowl. In this case, the global separation zone is formed in front of inlet. According to Stanton number distribution, the boundary layer separates from the plate surface at the point X = 82 mm (Z = 0) in the absence of cowl and at the plate leading edge in the presence of the cowl.
In the case of global separation, the cowl presence has a great e¨ect on heat transfer in the inlet, especially in the throat neighborhood (see Fig. 4b ). In the absence of cowl, the channel blocking does not a¨ect signi¦cantly on heat transfer: the maximum value of Stanton number is approximately 1.8 · 10 −3 at the blocking and without it as well. On the contrary, at the presence of cowl, the channel blocking leads to the increase of maximum Stanton number value approximately 6 times from 1.8 · 10 −3 to 11.3 · 10 −3 .
INFLUENCE OF PLATE BLUNTNESS ON HEAT TRANSFER AND CHANNEL BLOCKING
In §uence of the plate bluntness radius r 1 on the §ow structure and heat transfer is studied at the presence of sharp cowl (at r 2 = 0). Stanton number distributions on the plate and cowl along the symmetry line Z = 0 are shown in Fig. 5 as an example for two plate bluntness radii: r 1 = 0 and 1 mm. The numerical simulation results are shown also in [35, 36] . Comparison of experimental and calculation results at r 1 = r 2 = 0 (see Fig. 5a ) shows that on the sharp plate, the laminarturbulent transition ¦nishes in front of the inlet. On the sharp cowl, the laminarturbulent transition occurs within the inlet in the region of interference between the boundary layer and wedge shocks. The Stanton number in the interference region on the cowl is signi¦cantly lower than that on the plate up to the point A of shocks intersection (see Fig. 1b ). This is caused by the fact that on the cowl, the shocks interact with the laminar boundary layer and on the plate with the turbulent boundary layer. But behind the shocks intersection point, the data for the plate and cowl coincide practically. It means that behind the point A, the laminarturbulent transition occurs on the cowl too. Additionally, it should be noted that coincidence of predicted and experimental results for the sharp cates the satisfactory accuracy of heat §ux measurements on the plexiglass which was used to make the cowl. Figure 5b presents the Stanton number distributions on the plate and cowl at the plate bluntness radius r 1 = 1 mm when the inlet channel is blocked. Comparison with Fig. 5a shows that maximal Stanton number on the plate is increased about 4 times due to the channel blocking while on the cowl, it is increased only slightly. There are several reasons for that: (i) the boundary layer ahead the interference region is turbulent on the plate but laminar on the cowl; (ii) ahead the interference region, the boundary layer on the plate is thicker than on the cowl; and (iii) at r 1 = 1 mm and even at r 1 = 2 mm, the shock generated by the plate separation zone does not reach the front part of the cowl. Figure 6 presents Stanton number values on the symmetry line Z = 0 in the section II situated in the channel throat vs. the plate bluntness radius r 1 . Sharp increase of Stanton number on the plate indicates the blocking of the inlet channel. At M = 5, Re ∞L = 23 · 10 6 , and area contraction of the channel η = W 0 /W t = 4, it occurs when r 1 ≈ 0.8 mm and r 1 /W t ≈ 0.032.
INFLUENCE OF COWL BLUNTNESS ON HEAT TRANSFER AND CHANNEL BLOCKING
Figures 7 and 8 present an in §uence of cowl bluntness on §ow structure and heat exchange in the inlet with the sharp plate. When the cowl is sharp (see Figs. 7a and 7c ) or blunted slightly, the §ow near the cowl surface is regular. It is similar to the §ow near the surface of sharp or slightly blunted plate (see Fig. 3a ): oblique shock waves are formed near the wedges; the shocks create two narrow separation zones 5 where Stanton number increases slightly relative to undisturbed region; additional ampli¦cation of heat transfer is visible at intersection of two separation zones; signi¦cant increase of heat transfer takes place behind the wedge shocks in the reattachment regions 6 and at intersection of these regions (Fig. 7a ). : left column ¡ r1 = r2 = 0; right column ¡ r1 = 0 and r2 = 2 mm; 1 ¡ plate; 2 ¡ wedges; 3 ¡ cowl; 4 ¡ nontransparent part of the cowl; 5 ¡ separation zone; 6 ¡ reattachment region; 7 ¡ weak shock generated by the boundary layer; and 8 ¡ shock generated by the global separation zone Figure 8 Flow structure and heat transfer on the wedge in the inlet with sharp plate (r1 = 0) and blunted cowl (r2 = 2 mm): (a) visualization of Stanton number distribution; and (b) visualization of surface limiting streamlines and shear stresses: 1 ¡ plate; 2 ¡ cowl; 3 ¡ wedge; 4 ¡ corner line of the wedge; 5 ¡ separation zone on the plate; 6 ¡ separation shock; 7 ¡ bow wave of the cowl; and 8 ¡ separation zone on the cowl When the cowl bluntness radius is big enough, the global separation and the blocking of the inlet channel occur similar to the case of big bluntness of the plate. The reasons of this phenomenon are discussed below.
When the cowl bluntness is big and the high-entropy layer is thick, the narrow longitudinal separation zones merge in a common separation zone at some distance from the cowl leading edge. It is indicated by weakening of heat transfer on the cowl surface (see Fig. 7b ), by curving of surface streamlines on the wedge surface in the region 8 (see Fig. 8b ) and by drop of shear stress in this region (decrease of shear stress is re §ected qualitatively by the variation of color from red to blue). But it does not lead to the formation of global separation zone and to the blocking of the cowl channel. The reason is small thickness of the boundary layer and correspondingly small dimensions of the separation zone on the cowl surface. But at the chosen height of the inlet, the bow wave generated by the blunted leading edge of the cowl can reach the plate surface (see Fig. 8 ) and can stimulate separation of the boundary layer on the plate (see Figs. 7d and 8) . As a result, the separation zone generates a strong separation shock with big inclination angle (in the example presented in Fig. 7d , the inclination angle varies from 36
• near the plate to 28
• near the cowl where the separation shock interacts with the bow wave of the cowl). Thus, the §ow formed at big cowl bluntness is similar to the §ow at big plate bluntness.
Figures 9 and 10 present an in §uence of the cowl bluntness on heat transfer on the cowl surface (coordinate system is presented in Fig. 1b) . On the sharp cowl, the experimental data ahead the interference region are close to the St-values calculated for laminar Figure 10 Heat exchange on the cowl surface at M = 5, Re∞L = 24 · 10 6 , and r1 = 0: Stanton number in the cross section I: 1 ¡ on the symmetry line Z = 0; and 2 ¡ maximum value in the cross section I boundary layer (Fig. 9a) . On this part of the cowl surface, an increase of cowl bluntness up to r 2 = 1 mm has a small e¨ect on heat transfer. First, it is because the boundary layer is kept in laminar state at cowl blunting. On the other hand, relative distance of the observable surface from the cowl leading edge is quite big: even at r 2 = 1 mm, the ratio x/r 2 for the observable region is in the range from 30 to 50. At r 2 > 1 mm when the inlet is blocked, the Stanton number on the forward part of the cowl is increased dozen times because of sharp pressure increase behind the bow wave. In the throat neighborhood (behind the point C), an in §uence of channel blocking is not so big as in the cowl forward part.
Lateral distributions of St-number on the cowl surface in the cross section I located in front of the throat are shown in Fig. 9b vs. Z/W for di¨erent values of bluntness radius r 2 (W is the channel width in the cross section I). At regular §ow (r 2 ≤ 1 mm), the heat transfer peaks are clearly visible near the wedges where the separated boundary layer reattaches plate surface. Less signi¦cant heat transfer augmentation is visible on the symmetry line Z = 0. It is caused by intersection of separation shocks formed in front of the wedges. At r 2 = 2 mm when the inlet is blocked, the distribution of heat transfer coe©cient in the cross section is more uniform than at smaller bluntness radii. Figure 10 presents Stanton number values on the symmetry line and maximum Stanton number value (St m ) in the cross section I. At regular §ow, the St m value drops with an increase of bluntness radius r 2 . As noted in [33] , the decrease of heat exchange occurs because of the admixture of high-entropy layer to the mixing layer formed on the external boundary of separation zone that leads to the thickening of the mixing layer and to the decrease of gas density in this layer.
The cowl bluntness causing inlet blocking (r * 2 ≈ 1.5 mm) is signi¦cantly bigger than the plate bluntness causing the same phenomena (r * 2 ≈ 0.8 mm). It is caused by di¨erent mechanisms of inlet blocking: in the ¦rst case, blocking happens due to the in §uence of cowl bow wave on the plate boundary layer while in the second one, the blocking occurs due to the interference between the wedge shocks and the boundary and high entropy layers of the plate.
REYNOLDS NUMBER INFLUENCE ON THE FLOW IN THE INLET WITH BLUNTED PLATE AND COWL
The data obtained at M ∞ = 5 and Re ∞L ≈ 23 · 10 6 were discussed above. In this chapter, these data are compared with the experimental results obtained at the same Mach number but at smaller Reynolds number Re ∞L = 13 · 10 6 . Comparison shows (Fig. 11 ) that decrease of Reynolds number leads to the diminishing of bluntness radius causing inlet blocking: at Re ∞L ≈ 23 · 10 6 , blocking occurs when r 1 ≈ 0.8 mm or r 2 ≈ 1.5 mm and at Re ∞L = 13 · 10 6 , the same occurs when r 1 ≈ 0.65 mm or r 2 ≈ 0.6 mm. It means that blocking of a channel of high area contraction can be caused by thickening of high-entropy layer as well as of boundary layer in front of the channel throat, as well.
Laminar §ow around a ramp with angle more than 180
• at the presence of high-entropy layer is studied in [37] . Sum of high entropy layer thickness and of boundary layer thickness was used as a §ow characteristic in this work. Apparently, the ratio of this sum to the throat width W t can be used as a parameter determining the channel blocking.
Some experiments were performed at Mach number M = 8 and two Reynolds numbers: Re ∞L = 6.3 · 10 6 and 3.5 · 10 6 . The boundary layer was laminar ahead the channel throat. In both cases, blocking of the channels occurs even at sharp leading edges of the plate and the cowl.
It must be emphasized that all the data presented above are obtained at big area contraction ratio of the channel: η = W 0 /W t = 4. At smaller contraction ratio η = 2, the cowl blocking did not occur either at M ∞ = 5 or at M ∞ = 8. In addition, it should be noted that the thickness of high-entropy layer depends on pressure ratio P/P ∞ where P is the pressure on the plate (or on the cowl) and P ∞ is the pressure in front of the model. Increase of P/P ∞ (for example, due to the angle of attack) results in decrease of high-entropy-layer thickness at the same bluntness of the leading edge and vice versa.
CONCLUDING REMARKS
Gas §ow and heat transfer in the rectangular inlet installed on the plate at signi¦cant distance from the leading edge are studied experimentally at Mach number M ∞ = 5 and Reynolds numbers Re ∞L = 23 · 10 6 and 13 · 10 6 . At big area contraction ratio W 0 /W t = 4, an increase of plate or cowl bluntness radius up to a critical value leads to a sudden change of the §ow structure: a vast separation zone is formed in the inlet. It generates a strong separation shock and leads to signi¦cant augmentation of heat exchange inside the inlet.
When the bluntness radii of the leading edges are lower than the critical values, the regular §ow is formed in the inlet. In this case, the narrow longitudinal separation zones with separation shocks are created near the wedges. Heat transfer coe©cient increases near the reattachment lines and achieves maximum at the intersection of the wedge shocks. At regular §ow, increase of leading edges bluntness leads to weakening of heat transfer in the inlet.
The critical values of the plate and cowl bluntness radii are decreased significantly with a decrease of Reynolds number.
At small bluntness radius of the plate corresponding to the regular §ow, the presence of the cowl does not a¨ect essentially on Stanton number distribution in the inlet. On the contrary, at big plate bluntness corresponding to the inlet blocking, the cowl installation leads to signi¦cant intensi¦cation of heat transfer in the inlet.
The panoramic optical methods of §ow investigation based on the usage of luminescence and intended for short duration wind tunnels were modi¦ed. Performed experiments prove the applicability of these methods for studying of external §ows as well as of internal §ows.
